Hyponatremia is associated with reduced survival in patients with cirrhosis awaiting orthotopic liver transplantation (OLT). However, data are sparse regarding the impact of hyponatremia on outcome following OLT. We investigated the effect of hyponatremia at the time of OLT on mortality and morbidity following the procedure. The study included 2,175 primary OLT recipients between 1990 and 2000. Serum sodium concentrations obtained immediately prior to OLT were correlated with subsequent survival using proportional hazards analysis. Morbidity associated with hyponatremia was assessed, including length of hospitalization, length of intensive care unit (ICU) admission, and occurrence of central pontine myelinolysis (CPM). Out of 2,175 subjects, 1,495 (68.7%) had normal serum sodium (>135 mEq/L) at OLT, whereas mild hyponatremia (125-134 mEq/L) was present in 615 (28.3%) and severe hyponatremia (<125 mEq/L) in 65 (3.0%). Serum sodium had no impact on survival up to 90 days after OLT (multivariate hazard ratio ‫؍‬ 1.00, P ‫؍‬ 0.99). Patients with severe hyponatremia tended to have a longer stay in the ICU (median ‫؍‬ 4.5 days) and hospital (17.0 days) compared to normonatremic recipients (median ICU stay ‫؍‬ 3.0 days, hospital stay ‫؍‬ 14.0 days; P ‫؍‬ 0.02 and 0.08, respectively). There were 10 subjects that developed CPM, with an overall incidence of 0.5%. Although infrequent, the incidence of CPM did correlate with serum sodium levels (P < 0.01). Conclusion: Pre-OLT serum sodium does not have a statistically significant impact on survival following OLT. The incidence of CPM correlates with hyponatremia, although its overall incidence is low. Incorporation of serum sodium in organ allocation may not adversely affect the overall post-OLT outcome.
I mpairment in body water homeostasis and hyponatremia are often seen in patients in advanced stages of endstage liver disease (ESLD). 1,2 Dilutional hyponatremia results from a higher rate of renal retention of water despite increased total body sodium due to antidiuretic hormone-mediated reduction in free water clearance. [3] [4] [5] [6] Hyponatremia is often seen in cirrhotic patients with advanced portal hypertension and liver dysfunction. Hyponatremia in this setting has been correlated with increased mortality. 1, [7] [8] [9] [10] [11] [12] [13] [14] Because the model for endstage liver disease (MELD) was established as a predictor of short-term mortality, serum sodium (Na) has been shown to provide additional prognostic information in patients with ESLD. [14] [15] [16] [17] [18] [19] Although those data suggest that incorporation of Na into the organ allocation decisions may decrease waitlist outcome, concerns may be raised that giving a high priority to hyponatremic patients may be detrimental to the overall outcome after OLT, as hyponatremic patients may be at risk of increased mortality or morbidity related to central pontine myelinolysis (CPM). [18] [19] [20] [21] [22] [23] In this work we evaluate the effect of recipient serum sodium on the outcome of OLT, including mortality and morbidity, the latter including the length of overall hospitalization and stay in an intensive care unit (ICU), as well as incidence of CPM.
Patients and Methods
Patients and Clinical Information. This study was based on two multicenter OLT databases. First, the National Institute of Diabetes and Digestive and Kidney Diseased Liver Transplantation Database (NIDDK-LTD) enrolled patients who underwent OLT from 1990 through 1994 at the Mayo Clinic (Rochester, MN), Baylor University (Dallas, TX), the University of California at San Francisco (San Francisco, CA), and the University of Nebraska (Omaha, NE). Second, another database (Models for Optimal Liver Transplant Outcomes, MOLTO) included OLT recipients from 1994 through 2000 at the Mayo Clinic and Baylor University. From these databases, all adult (Ͼ16 years) recipients of primary OLT since 1990 were included in this analysis. Given the focus of this investigation, patients with fulminant liver disease or malignancy including hepatocellular carcinoma were excluded.
Patient demographics, etiology of liver disease, and serum sodium were recorded immediately prior to OLT. In line with previous studies, patients were divided into three groups according to serum sodium values: normal (more than 135 mEq/L), mild hyponatremia (125-134 mEq/L), and severe hyponatremia (Ͻ125 mEq/L). 2, 24, 25 Patients were further classified into the following diagnostic categories: alcoholic, cholestatic, viral, and other liver disease. In the event of multiple diagnoses, patients were assigned to the diagnosis that was deemed most likely to influence their prognosis (e.g., patients with hepatitis C and alcohol were classified as hepatitis C). All patients with primary biliary cirrhosis, primary sclerosing cholangitis, and other biliary diseases were assigned to the cholestatic category.
CPM was identified by being listed as either a complication or a cause of death. If available, medical records were used to verify the diagnosis.
Statistical Analyses. Following OLT, several outcome variables were evaluated, including mortality within 30 and 90 days of OLT, number of days in ICU and hospital, and incidence of CPM. Data necessary for these analyses were extracted from the databases. These included the dates of OLT, dismissal from ICU and hospital, and the last follow-up and the vital status at the time of last follow-up.
Survival was calculated by the interval between the dates of OLT and last follow-up; living patients were censored at the date of last follow-up. Patients undergoing retransplantation were censored at the time of retransplantation. The Kaplan-Meier method was used to estimate recipient survival after OLT and outcome of patients with CPM. Proportional hazards regression analysis was used to evaluate the effect of serum sodium on survival. As a patient's pre-OLT condition primarily affects early post-OLT outcome, we focused our analysis on the outcome within the first 90 days after OLT. Covariates at the time of OLT such as age, gender, total bilirubin, creatinine, and diagnostic categories were also taken into account. Because renal physiology and sodium handling have been studied primary in noncholestatic liver disease and post-OLT outcome of patients with cholestatic liver disease is usually better than that of patients with another etiology, we also conducted a sensitivity analysis, in which patients with cholestatic liver disease were excluded. 2, [26] [27] [28] All analyses were performed stratifying on the transplant center.
The relationship between serum sodium and hospital and ICU days was examined by analysis of variance. Linear and logistic regression analysis was used to compare the incidence of CPM according to serum sodium. A two-tailed P-value less than 0.05 was used for statistical significance in all analyses.
Results
Patient Characteristics. There were 2,321 recipients that met the inclusion criteria, of whom serum sodium data at the time of OLT was not available in 146 patients (6.3%). Thus, this analysis is based on 2,175 patients (1,173 from the NIDDK-LTD database and 1,002 from the MOLTO database). Table 1 The majority of the patients (68.7%) had normal sodium value (Na Ն 135 mEq/L), whereas 31.3% had hyponatremia, including 3.0% with severe hyponatremia. Patients with severe hyponatremia were more predominantly male than other groups (P ϭ 0.02). Patients with hyponatremia had higher serum total bilirubin, prothrombin time, and serum creatinine compared with normonatremic patients. The proportion of patients with alcoholic liver disease was higher in the hyponatremic group than others (P Ͻ 0.01).
Outcome After Liver Transplantation. In all, 144 (6.6%) of the 2,175 subjects died within the first 90 days after OLT, including 78 (3.6%) who died within the first 30 days. Figure 1 compares survival after OLT by the serum sodium level. There was no statistically significant difference in survival among the three groups (P ϭ 0.22), as evidenced by the extensive overlap of the curves. We also considered defining hyponatremia at a serum sodium of 130 mEq/L, in keeping with previous studies. 3, 22 Again, there was no difference in post-OLT survival with that cutoff value (P ϭ 0.89). Table 2 describes the results of a multivariate proportional hazards analysis predicting mortality after post-OLT. In the primary analysis, patients of all diagnosis were included, whereas the sensitivity analysis excluded patients with cholestatic liver disease. In both cases, serum sodium had no impact on overall mortality. Variables that were associated with 90-day mortality included: age and total bilirubin (hazard ratio [HR] 1.04 and 1.47, respectively, P Ͻ 0.01). When included in the primary analysis, cholestatic etiology was associated with a decreased risk of mortality (HR 0.37, P Ͻ 0.01). Table 3 summarizes morbidity outcomes following OLT by serum sodium. The median number of days in ICU (interquartile range) after OLT was 3 days (2-5 days) and the median length of hospitalization after OLT was 14 days (10-21 days). Although there was a trend toward increased length of hospital stay in patients with lower sodium, the differences did not reach statistical significance (P ϭ 0.08). Patients with severe hyponatremia had a longer length of stay in ICU compared with patients with other groups (P ϭ 0.02). Out of the 2,175 patients, a total of 10 developed CPM (0.5%). Of those, eight patients were hyponatremic at the time of OLT including three who were severely hyponatremic. The association between hyponatremia and CPM was statistically significant (P Ͻ 0.01).
Characteristics and Outcome of Patients with CPM. Table 4 compares characteristics of patients with and without CPM. CPM was not associated with age, gender, etiology of OLT, or 30-day mortality. The presence of CPM was associated with lower serum sodium and higher serum total bilirubin and creatinine and higher prothrombin time. The lengths of hospitalization and ICU stay were higher in the CPM group. Of the 10 patients with CPM, four (40.0%) died within 3 months after transplant. The cause of death was central nervous system complication in three patients and infection in the last. CPM patients had poorer survival than those without CPM (P Ͻ 0.01).
Given the devastating nature of CPM, Fig. 2 considers CPM as an outcome (equivalent to death). Figure 2A is based on the date of the diagnosis of CPM, whereas Fig.  2B assumes that CPM occurred on the day of OLT. As expected, the survival curve of the severely hyponatremic group was affected most. The shift in the survival curve in Fig. 2B resulted in a difference that reached statistical significance (P ϭ 0.03). 
Discussion
The main observation in this study is that, from the standpoint of survival, hyponatremia at the time of OLT did not affect the outcome afterward. As shown in Fig. 1 , the survival curves completely overlapped among the groups, excluding the possibility of a type II error. On the other hand, hyponatremia may affect morbidity following OLT: Pre-OLT hyponatremia was associated with prolonged ICU stay and a trend to increased length of hospitalization. However, because hyponatremic patients had more advanced hepatic decompensation, the degree to which that effect is purely attributable to hyponatremia alone remains uncertain. Finally, we found a significant correlation between hyponatremia and the occurrence of CPM. However, the overall incidence was low, especially in patients whose hyponatremia was not severe.
It is now well established that hyponatremia is an important prognostic indicator in patients with ESLD. 6, 8, 12 Recently, we and others have shown that serum sodium carries prognostic information independent of MELD and that the effect of Na varies depending on the MELD. 14, [17] [18] [19] For example, in patients with low MELD hyponatremia is a much more serious prognostic marker than in those with high MELD, in whom the mortality risk is already adequately captured by MELD.
Although hyponatremia and MELD are very helpful indicators of the risk of mortality prior to (or without) OLT, pre-OLT variables, in general, have not been found as useful in predicting post-OLT survival or complications. For example, the MELD score at the time of OLT had little impact on post-OLT survival except at the extreme high range. 29, 30 Although physiologic integrity prior to OLT is important for successful outcome of the procedure, random events that occur in the perioperative and postoperative periods are by definition not predictable and reduce the correlation between pre-OLT status and post-OLT outcome. Further, one may postulate this correlation to be even poorer in highly skilled transplant centers, as patient selection and quality of care at those centers may negate the tendency for a poor outcome in the sickest patients undergoing OLT. One such example may be that in our multivariate model, serum creatinine had only a small and nonsignificant effect on 90-day mortality, in contrast to previous reports that renal function is an important determinant of post-OLT survival. It may be that the adverse effects attributable to pre-OLT renal dysfunction may be overcome at experienced transplant centers.
Similarly, the lack of effect of hyponatremia on post-OLT survival shown in this analysis may be construed as just an example of the disconnect between the pre-OLT condition and post-OLT outcome. As such, this finding is in contradiction with previous reports. 20, 22 In a multicenter study based on a registry of 5,150 OLT recipients in the UK and Ireland, serum sodium Ͻ130 mEq/L was associated with a 55% increase in 90-day mortality after adjusting for other factors that may affect post-OLT survival. 20 In another study of 241 patients from a single center in Spain, the 90-day mortality in hyponatremic (Na Ͻ 130 mEq/L, n ϭ 19) patients was 16% compared with 5% in those with normonatremia. 22 In both of these studies, as in our study, hyponatremic patients had clearly more advanced hepatic decompensation. Again, we postulate that the difference between these and our studies may be in part explained by the fact that this study was conducted at select, academic, high-volume centers. This may include a selection process in which patients who are deemed at too high a risk were not offered a transplant. We are unable to address the magnitude of the impact of this selection process, as the databases used in this study did not include patients who were denied transplantation. Although pre-OLT hyponatremia did not have an appreciable effect on post-OLT survival, it increased post-OLT morbidity, specifically CPM. CPM has been reported to occur in 1%-2% of liver transplant recipients and is thought to be mainly related to a rapid correction of hyponatremia in the perioperative period. 23, 31, 32 The results of the current study indicate that patients with hyponatremia along with impairment of kidney and liver function at OLT are at an increased risk of developing CPM. Development of CPM was associated with longer ICU and hospital stay, and poor survival within 3 months after OLT. In the most pessimistic analysis (shown in Fig.  2B ) in which all CPM patients were considered to have died intraoperatively, serum Na Ͻ 125 mEq/L was associated with a significant decrease in survival. However, our data also show that not all severely hyponatremic patients developed CPM and not all patients with CPM had been hyponatremic. Clearly, a better understanding of the pathogenesis, risk factors, and prevention of CPM is necessary.
The authors recognize several limitations of the study. The databases used in this study were designed to track post-OLT events and their determinants and, thus, lack detailed information on pretransplant events. As stated above, we have no information about patients who were excluded from transplantation for being too sick, a feature of which may have been hyponatremia. Similarly, detailed information about pretransplant management, such as hypertonic saline infusion or use of pharmacologic agents, is not available. It may have been possible that some hyponatremic patients underwent correction of their hyponatremia and thus were classified as normonatremic at the time of OLT, which will have the effect of negating a potential difference in survival. We believe that is unlikely because severe hyponatremia that would have prompted saline administration, for example, was infrequent and misclassification of that small number of patients into the normonatremic group would have resulted in a minimal shift in the survival curve. Finally, it may be possible that the databases used in this study may not have recorded CPM cases with a minor degree, and thus the incidence of CPM was underestimated in this study. Our databases included a series of variables designated for neurologic complications, yet CPM was not a discrete variable in and of itself. We supplemented our data collection by searching through the causes of death, in which CPM was one of the variables as a specific cause. When uncertain, we reviewed available medical records for verification of the diagnosis of CPM. Thus, although we are confident that we captured all cases with clinically important CPM (i.e., those resulted in death or left with sequelae), cases with minor symptoms that resolved may have existed. Of note, the incidence in this study is not too different from a previous report (10/2,175 versus 3/344). 23 In conclusion, the present study demonstrated that pretransplant hyponatremia, a strong indicator of waitlist mortality, does not affect mortality following liver transplantation. These data suggest that incorporation of serum sodium in determining organ allocation priority should not diminish survival outcome after OLT. The largest impact of pretransplant hyponatremia was seen in CPM: hyponatremic patients are at an increased, albeit low, risk of CPM. A better understanding of the pathogenesis, risk factors, and prevention of CPM in this setting is warranted.
